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ABSTRACT

Water vapor mass mixing ratio profiles from NASA’s Lidar Atmospheric Sensing Experiment (LASE) system
acquired during the Atmospheric Radiation Measurement (ARM)–First International Satellite Cloud Climatology
Project (ISCCP) Regional Experiment (FIRE) Water Vapor Experiment (AFWEX) are used as a reference to
characterize upper-troposphere water vapor (UTWV) measured by ground-based Raman lidars, radiosondes, and
in situ aircraft sensors over the Department of Energy (DOE) ARM Southern Great Plains (SGP) site in northern
Oklahoma. LASE was deployed from the NASA DC-8 aircraft and measured water vapor over the ARM SGP
Central Facility (CF) site during seven flights between 27 November and 10 December 2000. Initially, the DOE
ARM SGP Cloud and Radiation Testbed (CART) Raman lidar (CARL) UTWV profiles were about 5%–7%
wetter than LASE in the upper troposphere, and the Vaisala RS80-H radiosonde profiles were about 10% drier
than LASE between 8 and 12 km. Scaling the Vaisala water vapor profiles to match the precipitable water vapor
(PWV) measured by the ARM SGP microwave radiometer (MWR) did not change these results significantly.
By accounting for an overlap correction of the CARL water vapor profiles and by employing schemes designed
to correct the Vaisala RS80-H calibration method and account for the time response of the Vaisala RS80-H
water vapor sensor, the average differences between the CARL and Vaisala radiosonde upper-troposphere water
vapor profiles are reduced to about 5%, which is within the ARM goal of mean differences of less than 10%.
The LASE and DC-8 in situ diode laser hygrometer (DLH) UTWV measurements generally agreed to within
about 3%–4%. The DC-8 in situ frost point cryogenic hygrometer and Snow White chilled-mirror measurements
were drier than the LASE, Raman lidars, and corrected Vaisala RS80H measurements by about 10%–25% and
10%–15%, respectively. Sippican (formerly VIZ Manufacturing) carbon hygristor radiosondes exhibited large
variabilities and poor agreement with the other measurements. PWV derived from the LASE profiles agreed to
within about 3% on average with PWV derived from the ARM SGP microwave radiometer. The agreement
between the LASE and MWR PWV and the LASE and CARL UTWV measurements supports the hypotheses
that MWR measurements of the 22-GHz water vapor line can accurately constrain the total water vapor amount
and that the CART Raman lidar, when calibrated using the MWR PWV, can provide an accurate, stable reference
for characterizing upper-troposphere water vapor.

1. Introduction

Improving the parameterization of radiative processes
in general circulation models (GCMs), which is a pri-
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mary objective of the Department of Energy (DOE)
Atmospheric Radiation Measurement (ARM) Program,
requires an accurate specification of the atmospheric
state. Measurements of water vapor are especially im-
portant for characterizing the atmospheric state because
uncertainties in the water vapor field dominate the spec-
tral effects in the atmospheric window region of 800–
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1200 cm21 (8.3–12.5 mm) (DOE 1990). Water vapor
measurements are also essential for evaluating the
strength and formulation of the water vapor continuum
absorption. Computing the absorption associated with
the continuum is particularly important for computing
radiative transfer, which in turn impacts remote sensing
retrievals of temperature, water vapor, and surface prop-
erties. The strong absorption due to the water vapor pure
rotation band (100–400 cm21) is the principal contri-
bution to the clear-sky upper-troposphere cooling rate
(Clough et al. 1992). In addition to directly affecting
the atmospheric cooling rate, upper-tropospheric water
vapor has a strong indirect effect on the atmospheric
radiation budget through its role in the formation and
dissipation of cirrus clouds. Uncertainties in radiation
budgets of climate models are caused in part by inad-
equate knowledge of the water vapor fields required to
nucleate cirrus ice crystals (Khvorostyanov and Sassen
1998a,b).

Measurements made at the ARM Southern Great
Plains (SGP) Cloud and Radiation Testbed (CART) site
in northern Oklahoma (36.628N, 97.58W) have provided
an opportunity to obtain the meteorological and atmo-
spheric radiation data needed to assess radiation models
and their use in single-column models (SCMs) and
GCMs (Ackerman and Stokes 2003). This site was de-
signed to acquire water vapor data necessary for char-
acterizing the atmospheric state in order to develop and
evaluate these models. Operational radiosondes have
provided one method for acquiring water vapor profiles,
although the required water vapor accuracy (,10%) has
generally been beyond their measurement capabilities.
The Vaisala RS80-H radiosondes launched by ARM
were shown to have a dry bias of about 5%–10%
(Clough et al. 1996; Turner et al. 2003) as well as con-
siderable variations in their water vapor calibrations
(Lesht 1995; Lesht and Liljegren 1996). The dry bias
of these radiosondes became particularly apparent at
cold temperatures at high altitudes (Miloshevich et al.
2001, 2003, 2004) when compared with satellite (Soden
et al. 1994; Soden and Lanzante 1996; Soden et al. 2004)
and Raman lidar measurements (Ferrare et al. 1995).
Uncertainties in the radiosonde water vapor profiles,
which were input to the radiative transfer models, were
the limiting factor in comparing measured versus model
longwave radiances (Ellingson 1998; Revercomb et al.
1998). These uncertainties also hamper efforts to eval-
uate upper-tropospheric water vapor measurements ac-
quired by various new satellite sensors.

The difficulty in achieving high accuracy in radio-
sonde water vapor measurements led ARM to aggres-
sively pursue new technologies for providing the water
vapor measurements required for radiation studies. The
ARM Program developed the first operational Raman
lidar system designed for unattended, around-the-clock
atmospheric profiling of water vapor, aerosols, and
clouds (Goldsmith et al. 1998). This lidar system mea-

sures Raman scattering from water vapor and nitrogen
to derive profiles of water vapor mixing ratio. High
background skylight limits retrievals of water vapor dur-
ing daytime operations to altitudes below about 3–4 km
so that the Raman lidar upper-tropospheric water vapor
measurements are limited to nighttime operations. Com-
parisons of the Raman lidar and Vaisala radiosonde wa-
ter vapor profiles have also shown the dry bias and
radiosonde variability discussed above. The largest dif-
ferences between the Raman lidar and radiosonde water
vapor profiles are typically found in the upper tropo-
sphere, where differences often exceed 20% (Turner and
Goldsmith 1999).

The ARM Program has conducted a series of exper-
iments at the SGP site to characterize and ultimately
improve the accuracy of water vapor measurements
(Revercomb et al. 2003). As the latest in these series
of experiments, the ARM–First International Satellite
Cloud Climatology Project (ISCCP) Regional Experi-
ment (FIRE) Water Vapor Experiment (AFWEX) was
conducted at the SGP site during late November to early
December 2000 primarily to characterize the upper-tro-
posphere water vapor (UTWV) measurements acquired
at the SGP site. The goal was to develop techniques to
reduce uncertainties in UTWV measurements in order
to better constrain the top-of-atmosphere (TOA) out-
going longwave (LW) clear-sky flux.

We examined the impact of upper-level water vapor
perturbations, or uncertainties, on longwave flux cal-
culations at the TOA. An increase in UTWV causes net
radiation to be emitted from higher (and, in general,
colder) layers in the atmosphere, which results in a de-
crease in radiation and flux at the TOA. Similarly, a
decrease in UTWV causes an increase in TOA radiance.
Since it is primarily the integrated amount of water va-
por from the TOA (and the temperature profile) that
effects the TOA radiance and flux, water vapor pertur-
bations that are altitude independent above a given low-
er boundary are examined. Using the Rapid Radiative
Transfer Model (RRTM) (Mlawer et al. 1997) to com-
pute LW fluxes and cooling rates, we have computed
changes in net flux at the TOA due to perturbations in
the UTWV. Figure la shows the change in infrared long-
wave flux at TOA due to various upper-level water vapor
perturbations for the U.S. Standard Atmosphere, 1976
(NOAA 1976). For a given water vapor perturbation,
this figure displays what error would result in the cor-
responding TOA flux calculation, with all other state
variables held fixed. For example, in order to constrain
uncertainties in the TOA net flux to less than ;0.5 W
m22, the uppermost 0.1 mm of water vapor must be
known to ;10% or better. Figure 2 shows that for AF-
WEX, the uppermost 0.1 mm of water vapor was typ-
ically located between 8 km and the tropopause, which
was around 12 km. Figure 1b shows that a 10% increase
in water vapor above 8 km reduces the atmospheric
heating rates (or increases cooling rates) by over 1 K
day21 in portions of the upper troposphere.
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FIG. 1. (a) Difference in TOA outgoing longwave radiation are shown by contours for various perturbations
of integrated water vapor amounts above various altitudes. The left-hand ordinate is the lower altitude of
perturbation; all water vapor amounts above this altitude are perturbed by the values given in the abscissa.
(b) Difference in heating rate profiles for a ;10% increase in water vapor above 8 km. Both (a) and (b)
correspond to U.S. Standard Atmosphere, 1976 conditions.

FIG. 2. Mean profile of PWV during AFWEX. Error bars represent std devs. These plots show PWV in
both absolute and relative amounts using both (left) linear and (right) logarithmic axes.

Additional instruments were deployed specifically
during AFWEX to characterize the routine ARM radio-
sonde and Raman lidar upper-tropospheric water vapor
measurements as well as to help resolve absolute water
vapor calibration issues impacting total column precip-
itable water vapor (PWV). One additional instrument
was the Lidar Atmospheric Sensing Experiment (LASE)
system, which uses the differential absorption lidar
(DIAL) technique for high-resolution water vapor and
aerosol backscatter profile measurements (Browell and
Ismail 1995; Browell et al. 1997). LASE was deployed
from the National Aeronautics and Space Administra-
tion (NASA) DC-8 aircraft and provided water vapor
profiles above and below the aircraft to help characterize
UTWV.

In sections 2 and 3 we shall first describe the LASE

system and the LASE water vapor measurements ac-
quired during AFWEX. Detailed comparisons of the
LASE UTWV measurements with the other AFWEX
sensors are presented in section 4. We conclude with a
description of the overall comparisons among the AF-
WEX UTWV measurements and discuss the implica-
tions of these UTWV measurements and comparison
results.

2. LASE system

LASE is an airborne DIAL system that was developed
to measure water vapor, aerosols, and clouds throughout
the troposphere (Browell et al. 1997; Moore et al. 1997;
Ismail et al. 2000). The laser system of LASE consists
of a double-pulsed Ti:sapphire laser that operates in the
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815-nm absorption band of water vapor and is pumped
by a frequency-doubled flashlamp-pumped Nd:YAG la-
ser. The wavelength of the Ti:sapphire laser is controlled
by injection seeding with a diode laser that is frequency
locked to a water vapor line using an absorption cell.
The laser energy is split using an optical beam splitter
and transmitted simultaneously in the nadir and zenith
directions. Backscattered lidar signals are received using
two telescopes that are aligned to these nadir and zenith
directions. Lidar data collected by these telescopes are
processed independently. LASE operates by locking to
a strong water vapor line and electronically tuning to
any spectral position on the absorption line to choose
the suitable absorption cross section for optimum mea-
surements over a range of water vapor concentrations
in the atmosphere. LASE operates by alternating be-
tween strong (line center) and weak (side of strong line)
water vapor cross sections for the online DIAL wave-
length to measure water vapor throughout the tropo-
sphere. In addition, LASE can interleave operation on
up to three different online positions to cover the large
variation in water vapor concentrations. This unique
method of operation permits rapid and flexible absorp-
tion cross-section selection capability for water vapor
measurements over the entire troposphere in a single
pass.

During AFWEX, LASE used two different online po-
sitions to measure water throughout the troposphere. For
the upper-tropospheric water vapor measurements,
LASE used the strongly absorbing temperature-insen-
sitive H2O line at 817.2231 nm (12 236.5603 cm21)
(Ponsardin and Browell 1997; Ismail et al. 2000), which
has a line strength of 4.060E-23 cm, line width of 0.0839
cm21, and lower energy state of 224.838 cm21. Pon-
sardin and Browell (1997) characterized the spectral
lines in the 815-nm region used by LASE. These line
characterizations were done using a continuous-wave,
nearly monochromatic laser source with a line width of
about 1024 cm21, and these measurements took into
account the line-broadening and narrowing effects, pres-
sure shifts, and temperature dependencies. Grossmann
and Browell (1989) estimated the uncertainties in the
line strengths of ;2% and line widths of ;1.5%, giving
a total (rms) uncertainty of ,3% for the absorption cross
section. Recent measurements using Fourier transform
infrared (FTIR) techniques (Schermaul et al. 2001)
show that they agree well with Grossmann and Browell
(1989) and Ponsardin and Browell (1997) to within 2%–
3%. The centerline and offline combination and sideline
and offline combination were used for water vapor mea-
surements in the range ,0.01 to 1 g kg21 and 0.5 to
10 g kg21, respectively. Lidar data are averaged by ap-
plying vertical smoothing and shot averaging to limit
the random error to be in the range of 2%–5%. LASE
is operated to minimize systematic errors arising from
uncertainties in the laser spectral characteristics, knowl-
edge of molecular water vapor absorption cross section,
and atmospheric influences (Ismail and Browell 1989).

All known systematic effects are corrected, and the com-
bined residual systematic errors are expected to be in
the range of 3%–5%. The estimated total accuracy of
LASE is expected to be in the range of 5%–10%. Ef-
fective absorption cross-section profiles were calculated
at the on- and offline wavelengths using the methods
discussed by Ismail and Browell (1989) for the calcu-
lation of water vapor concentrations using the DIAL
equation (Shotland 1966; Browell 1989). For AFWEX,
absolute water vapor distributions were derived from
the LASE measurements across the entire troposphere
from 0 to 12 km over a mixing ratio range of 10–0.01
g kg21. The LASE nadir water vapor profiles have a
vertical resolution of about 330 m for altitudes above
330 m above ground level (AGL). The range cell size
was decreased from 330 to 150 m for altitudes below
330 m in order to extend the LASE profiles down to
within about 250 m above the surface. Zenith water
vapor profiles have a vertical resolution of about 990
m. The LASE nadir water vapor profiles have a temporal
averaging period of 1 min. This corresponds to a hor-
izontal resolution of about 14 km, which is the hori-
zontal distance covered by the DC-8 aircraft during this
time. The LASE zenith water vapor profiles are aver-
aged over a period of 5 min, which corresponds to a
horizontal distance of about 70 km. LASE also simul-
taneously measures profiles of aerosol scattering ratio
at the offline wavelength near 815 nm. Ismail et al.
(2000) describe in detail the methods used to derive
aerosol profiles using this offline laser return signal.

During the LASE Validation Experiment (Browell et
al. 1997) and Tropospheric Aerosol Radiative Forcing
Observation Experiment (TARFOX) (Ismail et al. 2000;
Ferrare et al. 2000a,b), LASE operated autonomously
from the Q bay of the NASA ER-2 aircraft. During the
former experiment, comparisons of the LASE water va-
por measurements with in situ water vapor measure-
ments on two additional aircraft (C-130 and Learjet),
radiosonde profiles, and the ground-based NASA God-
dard Space Flight Center (GSFC) scanning Raman lidar
(SRL) water vapor mass mixing ratio profiles showed
agreement to be better than 6% or 0.01 g kg21, which-
ever is greater throughout the troposphere (Browell et
al. 1997). Subsequent to the two LASE missions on the
ER-2, it was reconfigured to fly onboard the NASA
P-3 and DC-8 aircraft and participated in another seven
major field experiments. Once the LASE system was
configured for operation from the DC-8 in the simul-
taneous nadir and zenith modes of operation, additional
comparisons were made with other sensors to insure the
accuracy of the water vapor measurements. Intercom-
parisons performed during the third Convection and
Moisture Experiment (CAMEX3) (Ferrare et al. 1999;
Browell et al. 2000), Pacific Exploratory Mission (PEM)
Tropics B (Browell et al. 2001), and CAMEX4 (Kooi
et al. 2002) missions produced results consistent with
the initial LASE validation experiments.
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FIG. 3. LASE (left) water vapor and (right) aerosol scattering ratio profiles acquired during AFWEX DC-8 flight 7 on 5 Dec 2000. The
aircraft flight altitudes are indicated by the horizontal black lines. The times when the DC-8 flew directly over the ARM SGP Central Facility
are denoted by the letter ‘‘c.’’

3. LASE measurements during AFWEX

After the transit flight of the DC-8 to Tinker Air Force
Base (AFB) (35.48N, 97.388W) on 29 November, there
were a total of six science flights of the DC-8 over the
ARM SGP site between 30 November and 10 December.
LASE collected approximately 26 h of data during these
flights. The flight patterns typically consisted of a spiral
ascent over the SGP site, followed by a series of level
leg segments at several different altitudes in the upper
troposphere, followed by a spiral down over the SGP
site before the DC-8 returned to Tinker AFB. The spiral
portions of each flight permitted the DC-8 in situ water
vapor sensors to acquire a vertical profile over the SGP
site. The level leg segments were performed at several
altitudes between about 7.7 and 12.4 km above the SGP
site. These segments, which were oriented both parallel
and perpendicular to the wind at these altitudes, were
approximately 10 min (140 km) in duration and were
centered over the ARM SGP site. In order to optimize
the airborne and ground-based lidar measurements,
flights were conducted during generally clear skies or
when only thin cirrus clouds were present. Consequent-
ly, the flights occurred after the fronts and associated
clouds passed the SGP site. During those nights when
flights occurred, winds in the upper troposphere were
generally from the northwest or west-northwest. Also,
during these flights when skies were clear or partly
cloudy, the polar jet stream was generally located north
of this region. Inspection of the AFWEX water vapor

profiles shows that they often contained deep moist lay-
ers in the upper troposphere (RH . 40%).

Figure 3 shows examples of LASE water vapor and
aerosol scattering ratio profiles for flight 7 on 5 Decem-
ber 2000. Because of near-field signal effects associated
with the incomplete overlap of the laser beam and tele-
scope field of view, LASE cannot retrieve water vapor
profiles within about 1 km above and below the aircraft.
On this night, skies were cloud-free over northern
Oklahoma, with generally northwesterly flow above 8
km. Geostationary Operational Environmental Satellite
(GOES) water vapor imagery showed that drier con-
ditions existed toward the northeast, where a high pres-
sure center was located over Iowa. During the first part
of this flight, until about 0330 UTC, and during the
latter part of the flight, after 0550 UTC, the DC-8 flew
a series of level flight legs oriented approximately north-
east–southwest. This orientation was along the gradient
of water vapor and was perpendicular to the wind di-
rection. Between 0330 and 0550 UTC, the LASE flew
legs oriented nearly parallel to the wind and perpen-
dicular to the water vapor gradient. The increase in aero-
sol scattering below about 2 km can be seen in these
images. For AFWEX, the LASE water vapor profiles
were derived for altitudes below 12 km. Temperature
profiles from the DOE ARM SGP radiosondes, as well
as in situ ozone measurements on board the NASA DC-
8, indicated that tropopause altitudes varied between 10
and 12 km during the DC-8 flights in AFWEX. Figure
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FIG. 4. A comparison of water vapor profiles acquired at around
0638 UTC 5 Dec 2000.

TABLE 1. Number of individual comparisons from each sensor with LASE water vapor measurements. The numbers corresponding to the
Raman lidar and radiosonde comparisons represent profile comparisons, and the DLH and cryogenic hygrometer numbers represent the
number of comparisons from averages acquired during level legs.

Sensor 28 Nov 30 Nov 4 Dec 5 Dec 7 Dec 9 Dec 10 Dec Total

CARL
SRL
Vaisala sonde

3
0
1

5
0
3

0
0
2

10
10

6

9
0
2

10
10

2

9
9
5

46
29
21

Chilled-mirror
sonde 0 3 0 4 2 3 4 16

Sippican sonde 0 3 0 4 2 3 4 16
DLH 0 11 0 24 10 19 17 81
Cryogenic

hygrometer 0 11 0 24 10 19 0 64

4 shows an example comparison at 0638 UTC on 5
December 2000 among several water vapor profiles ac-
quired during this flight. The CART Raman lidar
(CARL) and SRL profiles correspond to 10-min average
profiles and the LASE profile corresponds to a 2-min
average centered over the SGP site. With the exception
of the Sippican radiosonde profile, there was generally
good agreement among these profiles, although small
differences of a few percent are not easily seen when
plotted on a semilogarithmic scale. The reason for the
significant dry layer between 3 and 5 km is not clear.
In situ ozone measurements on the DC-8 did not show
any significant increase in ozone in this region, so this
layer does not appear to be the direct result of a tro-
popause fold. Comparisons of water vapor measure-
ments will be examined in greater detail in the next
section.

4. LASE water vapor comparisons during
AFWEX

Water vapor measurements acquired by two ground-
based Raman lidars (CARL and SRL), three radiosonde
sensors [Vaisala RS80-H, Sippican Inc. (formerly VIZ
Manufacturing Company) carbon hygristor, Snow White
chilled mirror], and two DC-8 in situ sensors [NASA

Langley/Ames diode laser hygrometer (DLH), cryogen-
ic frost point hygrometer] were compared with the
LASE profiles. The Sippican and chilled-mirror radio-
sonde sensors were carried aloft together on the same
balloon, and the Vaisala radiosondes were launched sep-
arately. Table 1 lists the number of individual compar-
isons performed with each of the profile and in situ
measurements during each DC-8 flight. The number of
individual comparisons with the various sensors varied
from 46 (CARL) to 16 (chilled-mirror and Sippican
sondes). These comparisons included profiles that were
acquired within 30 min of LASE profiles and when the
DC-8 was within about 30 km of the ARM SGP site.
For the comparisons that follow, we examined profiles
of water vapor mixing ratio, which are the normal output
products of LASE, the Raman lidars, and the in situ
diode laser hygrometer. Thirty-minute-average profiles
from the two Raman lidars were compared with the
UTWV measurements from LASE. With the exception
of the Vaisala profiles, the radiosonde profiles of relative
humidity and the chilled-mirror measurements of dew/
frost point temperature were converted to water vapor
mixing ratio using the Goff–Gratch formulas of vapor
pressure over liquid water (Goff and Gratch 1946; List
1984). Vaisala uses the Hyland–Wexler (Hyland and
Wexler 1983) formulas to derive vapor pressures. Dif-
ferences between these two formulations can lead to
significant differences in the derived vapor pressures for
cold temperatures in the upper troposphere (Miloshevich
et al. 2001). For AFWEX, water vapor comparisons
were performed for altitudes below 12 km, where nearly
all temperatures were warmer than 2608C. In this case,
our computations show that differences in the water
vapor mixing ratios computed using these two vapor
pressure formulations are less than 3%. Average dif-
ferences discussed in section 5 change by less than 1%
when computed using these two vapor pressure for-
mulations. Uncertainties in the radiosonde temperature
measurements may introduce an additional error in the
computation of water vapor mixing ratio from relative
humidity. Operational experience at the SGP CART site
(Lesht 1995) showed that the rms error in the Vaisala
temperature measurements was approximately 0.38C.
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FIG. 5. (a) Average differences between LASE and Vaisala water vapor measurements. The thick rectangles (boxes) represent 62 SE of
the mean, and error bars represent 61 std dev of the measurements. Differences between any two categories are statistically insignificant
when the 62 SE boxes overlap. Average differences between LASE water vapor measurements and the uncorrected Vaisala profiles, Vaisala
profiles scaled to match the MWR PWV, Vaisala profiles corrected for calibration errors, and Vaisala profiles corrected for both calibration
errors and time-lag response are shown. (b) Average differences between the LASE and chilled-mirror and Sippican radiosonde profiles, and
the DLH and cryogenic hygrometer in situ instruments on the DC-8. The top axis corresponds to the Sippican radiosonde, and the bottom
axis corresponds to the other instruments.

This error would lead to an uncertainty of about 3%–
4% in water vapor mixing ratio for altitudes between 8
and 12 km.

a. Vaisala RS80-H radiosondes

Radiosondes have been the most requested opera-
tional source of water vapor profile information for the
ARM SGP site. Consequently, the LASE water vapor
measurements were used first to examine the radiosonde
water vapor mixing ratio profile. Figure 5a shows the
average difference (%) between the LASE and the Vais-
ala RS80-H water vapor mixing ratio values as a func-
tion of altitude. Differences were computed every 60 m
along these profiles; average differences were then com-
puted for 1-km segments, shown in Fig. 5. For these
computations, the radiosonde profiles were smoothed to
match the vertical resolution (330 m) of the LASE pro-
files. This smoothing should significantly reduce ran-
dom errors for scales below 1 km. The thick rectangles
(boxes) represent 62 standard error (SE) of the mean,
and bars represent 61 standard deviation of the mea-
surements. Differences between any two categories are
statistically insignificant when the 62 SE boxes overlap.
Average differences were generally below 10% for al-
titudes below 8 km, which is consistent with compari-
sons of radiosonde and Raman lidar profiles during the
1996 and 1997 Water Vapor IOPs (Turner and Gold-
smith 1999; Revercomb et al. 2003). Above 8 km, ra-
diosonde water vapor profiles were progressively drier
than the LASE profiles, with average differences of
about 20% for altitudes above about 11 km. This upper-
troposphere dry bias of the Vaisala RS80-H radiosonde
is also consistent with previous comparisons with CART
Raman lidar profiles (Turner and Goldsmith 1999).

In an effort to reduce the radiosonde bias and vari-
ability, ARM has pursued methods of correcting the
water vapor profiles measured by the Vaisala RS80-H
radiosondes. One method applies a single, altitude-in-
dependent scaling factor to the radiosonde water vapor
measurements such that the column precipitable water
vapor (PWV) computed from the resulting radiosonde
water vapor matches simultaneous microwave radiom-
eter (MWR) PWV measurements (Turner et al. 2003).
The radiosonde water vapor mixing ratio profile is
scaled by the ratio of the MWR PWV to the radiosonde
PWV. Since the radiosonde PWV is generally less than
the MWR PWV, these scale factors generally range from
1.0 to 1.1 (Revercomb et al. 2003; Turner et al. 2003).
This method assumes that the MWR PWV is a stable
and accurate reference, and that the scaling factor is
independent of altitude. The excellent stability and sen-
sitivity of the MWR is supported by several years of
MWR results and intercomparisons with other micro-
wave radiometers (Liljegren 2000; Revercomb et al.
2003) as well as by comparisons performed with SRL
data adjusted to match calibrated chilled-mirror sensors
on the 60-m instrumented tower at the SGP site (Rev-
ercomb et al. 2003). While the agreement between the
chilled-mirror-calibrated SRL and MWR PWV showed
a slope of 0.996, the offset translated into a 3%–4%
difference, with the chilled-mirror-calibrated SRL
slightly drier (Revercomb et al. 2003). The reasons for
this difference are not understood and are under inves-
tigation.

In previous studies, scaling the radiosonde water va-
por profiles to match the MWR PWV reduced by a factor
of 2 the rms differences between the spectral radiances
measured by the atmospheric emitted radiance interfer-
ometer (AERI) and those produced by the line-by-line
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radiative transfer model (LBLRTM) so that this scaling
significantly reduced the variability in the radiosonde
moisture profiles (Clough et al. 1999; Turner et al.
2004). However, Fig. 5a shows that this scaling had a
minimal impact on the radiosonde upper-troposphere
water vapor profiles that were coincident to the LASE
measurements. This result is not surprising for two rea-
sons. First, the average MWR scaled correction for these
16 radiosonde profiles was 0.98 so that, for at least these
sondes, the average sonde PWV was actually slightly
greater than the MWR PWV. Second, Fig. 5a shows that
the differences between the LASE and radiosonde pro-
files differ with altitude, so that a correction based pri-
marily on radiosonde performance in the lower tropo-
sphere will not have the same impact on upper-tropo-
spheric measurements.

A second series of correction schemes has been de-
veloped to account for the variability and dry bias of
the Vaisala RS80-H measurements. These schemes gen-
erally account for two sources of error: ‘‘bias’’ errors
that produce a dry bias in the measurements and a ‘‘time
lag’’ error that results from a slow response of the sensor
to a changing ambient relative humidity field at cold
temperatures (Miloshevich et al. 2002). A joint effort
between Vaisala and the National Center for Atmo-
spheric Research (NCAR) has produced a scheme that
includes bias-error corrections for chemical contami-
nation, temperature-dependence, basic-calibration-mod-
el, ground-check, sensor-aging, and sensor-arm-heating
errors (Wang 2002; Wang et al. 2002). The major sourc-
es of bias error are due to the first three items listed
above. Initial studies have indicated that these correc-
tions have led to a better (Wang 2002), but still not
acceptable (Wang et al. 2003), agreement in the upper-
tropospheric humidity (UTH) between the RS80 data
and other independent measurements. Comparisons of
PWV measurements acquired over many years show
that this bias correction moistens the radiosonde profiles
and produces excellent agreement between the corrected
radiosondes and MWR in absolute amount (Turner et
al. 2003). Portions of this correction scheme were ap-
plied to the AFWEX data to account for the error in the
basic RS80-H calibration model and to improve the rep-
resentation of the temperature dependence of the RS80-
H calibration. The AFWEX sondes were recently man-
ufactured, so no correction was applied to account for
possible sensor contamination by outgassing of the plas-
tic packaging material. Figure 5a shows that this tem-
perature-dependence and calibration-model correction
does moisten the Vaisala water vapor profiles in the
upper troposphere and brings these into closer agree-
ment to the LASE measurements, reducing average dif-
ferences from about 18%–20% to 8%–10%. This cor-
rection has a minimal impact on radiosonde water vapor
measurements below about 7 km.

A correction for the time-lag error has also been de-
veloped that calculates the ambient humidity profile
from the measured humidity and temperature profiles

based on laboratory measurements of the sensor time
constant as a function of temperature (Miloshevich et
al. 2001, 2002, 2003, 2004). The time constant is the
time required for the sensor to respond to 63% of a
change in humidity. This correction has been evaluated
using simultaneous relative humidity measurements
from the National Oceanic and Atmospheric Adminis-
tration/Climate Modeling and Diagnostics Laboratory
(NOAA/CMDL) balloon-borne frost point hygrometer.
Preliminary comparisons of uncorrected radiosonde
profiles and profiles corrected for both the bias and time-
lag error corrections have been done for the AFWEX
measurements (Miloshevich et al. 2002, 2003, 2004).
These preliminary results indicate that, when compared
to the uncorrected radiosonde profiles, the temperature-
dependence and calibration-model correction moistens
the radiosonde upper-tropospheric water vapor profiles
by about 10% on average. Similar comparisons also
show that the time-lag correction also tends to moisten
the UTWV measurements by a few percent and signif-
icantly decreases the water vapor measurements in the
lower stratosphere. Figure 5a shows that this correction
also tends to moisten the AFWEX Vaisala radiosondes
and further reduces the average differences from about
8%–10% to about 4%–5% and, consequently, were
within the goal of 10% in mean differences in UTWV.
As shown in Fig. 1, the errors in TOA outgoing LW
flux that would result from this remaining 4%–5% dry
bias in the Vaisala water vapor profiles would be less
than about 0.3 W m22. Corresponding errors in the at-
mospheric heating rates should be less than about 0.5
K day21. These results indicate that these bias and time-
lag corrections should be applied to the Vaisala radio-
sonde data before using these data to quantitatively
study upper-tropospheric water vapor.

b. Sippican radiosondes

LASE water vapor profiles were also compared with
water vapor profiles measured by two additional radio-
sonde water vapor sensors. The first was a Sippican
Mark II Microsonde carbon hygristor radiosonde, sim-
ilar to that used by the National Weather Service (NWS)
at many stations. (As of 1 June 1998, the NWS uses
Vaisala RS80-H at 60 of its network stations and Sip-
pican radiosondes in the remaining 32 stations.) Figure
5b shows a comparison of the average differences be-
tween the LASE and Sippican profiles. Note the change
in scale from the previous plots. The Sippican profiles
exhibited erratic performance at low relative humidity.
The relatively smooth nature of the Sippican profiles
suggests that these carbon hygristor sensors have a long
time response and/or become nonresponsive at cold tem-
peratures and/or low water vapor amounts. Results from
the World Meteorological Organisation (WMO) Global
Positioning System (GPS) Radiosonde Intercomparison
campaign held in Brazil during May and June 2001 also
showed that the Sippican sensors overestimated relative
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humidity values when compared to other sensors and
had large rms differences (da Silveira et al. 2003). These
comparisons also found that the Sippican measurements
reported relative humidity values 5%–10% higher than
the Snow White chilled-mirror sensors for low (,20%)
relative humidity cases and found that the Sippican mea-
surements were not reproducible at low humidity
(Smout et al. 2002). Comparisons between the Snow
White chilled-mirror sensor and the Sippican radiosonde
during the International H2O Project 2002 (IHOPp2002),
which was held during May and June 2002 over the
Southern Great Plains in the United States, found that
the Sippican carbon hygristor sensor failed to respond
to humidity changes in the middle and upper tropo-
sphere (Wang et al. 2003).

c. Meteolabor Snow White radiosondes

Water vapor profiles measured by the Meteolabor
Snow White (SW) chilled-mirror dewpoint hygrometer
were also compared to the LASE profiles. This sensor
measures the dewpoint (or frost point) by measuring the
temperature at which the onset of condensation occurs
on a mirror. The mirror is maintained at a constant re-
flectivity by continuously adjusting the mirror temper-
ature. The accuracy of the mirror temperature measure-
ment is less than 0.1 K, and the SW response time is
negligible at 208C, 10 s at 2308C, and 80 s at 2608C
(Wang et al. 2003). The SW sensor needs no individual
external calibration. Studies done to characterize the SW
characteristics indicate that it could be used as a possible
reference in the upper troposphere (Fujiwara et al. 2003;
Wang 2002; Wang et al. 2003). In the case of the AF-
WEX comparisons, Fig. 5b shows that the Snow White
sensors were progressively drier than the LASE profiles
above about 7–8 km. The reason for these differences
is not clear but may be related to limitations of the Snow
White sensor under very cold, dry conditions. Vömel
et al. (2003) examined the behavior of the Snow White
chilled-mirror hygrometer under dry conditions using
simultaneous humidity measurements from the NOAA/
CMDL frost point hygrometer. While these comparisons
showed generally good performance, some limitations
of this device impact upper-tropospheric water vapor
measurements. These limitations were associated with
the cooling efficiency of the Peltier cooler and the sen-
sitivity of the frost layer detection. Comparisons with
the cryogenic frost point hygrometer were complicated
and did not allow for a clear characterization. In some
cases, differences could be explained by dry layers,
which caused the Snow White sensor to be biased low
or high within such layers and, at times, above these
layers. The WMO Intercomparison Campaign found
that, at temperatures colder than 2508C, a modification
introduced by the manufacturer caused instability in the
Snow White output, so this sensor could not be used as
a reference at these temperatures (da Silveira et al.
2003). For temperatures between 2508 and 2258C, the

Snow White sensor was considerably wetter than the
Vaisala RS90 and RS80 sensors, with average RH dif-
ferences of 5%–40%. Comparisons of Snow White ra-
diosondes, Vaisala RS80, RS90, and RS93 dropsondes
were performed during the Measurement of Tropospher-
ic Humidity (MOTH) Tropic and Arctic field experi-
ments (Vance et al. 2004). These results indicated that
the Snow White sensors had a wet bias at both high and
low water vapor mixing ratios. These biases were be-
lieved to be largely due to the heater on board the Snow
White being unable to fully clear the mirror at cold
upper levels and at low levels during hot, humid con-
ditions (Vance et al. 2004).

d. Raman lidars

The requirement for frequent, high-vertical-resolution
water vapor profiles led ARM to develop the first op-
erational Raman lidar system designed for unattended,
around-the-clock atmospheric profiling of water vapor,
aerosols, and clouds (Goldsmith et al. 1998). This lidar
system measures Raman scattering from water vapor
and nitrogen to derive profiles of water vapor mixing
ratio. A narrow field of view and narrowband filter sys-
tem reduces the solar background skylight during the
day, so that this system can measure water vapor profiles
during both daytime and nighttime operations. However,
since profiles of water vapor above 3–4 km are limited
to nighttime operations, the Raman lidar data acquired
during AFWEX discussed here are limited to nighttime
operations. Derived products from the CARL measure-
ments include water vapor mixing ratio, aerosol scat-
tering ratio, backscatter coefficient, depolarization and
extinction, and cloud optical depth.

The NASA GSFC SRL is a mobile system contained
in a single environmentally controlled trailer. For the
AFWEX experiment, the SRL used a 9-W, 30-Hz Nd:
YAG laser, a 0.76-m telescope, and a large-aperture
scanning mirror to make its measurements. Using Ra-
man scattering from atmospheric molecules, the SRL
measures water vapor, nitrogen, liquid water, aerosol
depolarization, and Rayleigh–Mie signals. The products
derived from the SRL measurements include those prod-
ucts listed above for CARL as well as cloud liquid water.
Whiteman and Melfi (1999) and Whiteman et al.
(2001a,b) provide a more complete description of the
SRL. Prior to AFWEX, the SRL received several tech-
nology upgrades that improved its UTWV measurement
capability. The new technologies deployed to the SGP
site for this campaign included narrower-bandwidth fil-
ters and data acquisition devices permitting stronger sig-
nals to be sampled while using the high-energy/pulse
Nd:YAG laser.

Calibration of Raman lidar water vapor profiles is
normally achieved by comparisons to other independent
water vapor measurements such as water vapor profiles
from radiosondes (Ansmann et al. 1992; Ferrare et al.
1995), in situ water vapor measurements from a col-
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FIG. 6. (a) Average differences between LASE and CARL water vapor measurements. Average differences between LASE water vapor
measurements and the uncorrected CARL profiles and the CARL profiles with the overlap correction applied. (b) Average differences between
the LASE and SRL profiles.

located tower (Turner et al. 2002), or precipitable water
vapor measured by a microwave radiometer (Turner and
Goldsmith 1999; Turner et al. 2002) or GPS (Whiteman
et al. 2002). Sherlock et al. (1999) describe an absolute
calibration technique that does not rely on external water
vapor measurements and show that the total absolute
uncertainty in the calibration determined from this tech-
nique is about 12%–14%. Whiteman et al. (2001b) de-
scribe a calibration technique that relies on using the
SRL water vapor measurements acquired just below the
bases of small cumulus clouds, where the saturation
mixing ratio is known from coincident temperature and
pressure profiles obtained from radiosondes. The av-
erage calibration coefficient derived from this technique
agreed to within 1% of the average calibration coeffi-
cient derived by comparing water vapor profiles with
coincident Vaisala RS80-H radiosondes. The Raman li-
dar data acquired during AFWEX that are discussed here
were calibrated in a manner similar to that described
for the MWR scaled radiosonde profiles, such that the
total column water vapor from the Raman lidar matches
the MWR PWV.

Average differences between the LASE water vapor
profiles and the profiles measured by CARL and the
SRL were computed as a function of altitude. Figure 6a
shows the average difference (%) between the LASE
and the CARL water vapor mixing ratio values as a
function of altitude. Figure 6b shows a similar com-
parison between LASE and NASA GSFC scanning Ra-
man lidar. The thick rectangles (boxes) represent 62
SE of the mean, and error bars represent 61 standard
deviation of the measurements. The LASE and the Ra-
man lidar profiles generally agreed on average within
10% for all altitudes. The initial, uncorrected CARL
profiles were about 5%–8% wetter than LASE for al-
titudes above 7 km.

The differences between LASE and CARL were ex-
amined more closely. The assumption that the Raman
lidar water vapor calibration is height independent re-

quires that the near-field overlap correction must also
be known accurately. This overlap correction (White-
man et al. 1992), which affects profiles below 800 m,
is determined directly from the calibration data (Gold-
smith et al. 1998; Turner and Goldsmith 1999). The
impact of this overlap correction has been checked by
comparisons with various sensors. Comparisons of wa-
ter vapor profiles from chilled-mirror sensors flown on
tethered balloons during the Water Vapor IOPs con-
ducted in 1996 and 1997 (Turner et al. 2003) and with
the data acquired by the NASA GSFC SRL system dur-
ing these experiments (Revercomb et al. 2003) suggest
that the overlap function can be determined very well.
However, comparisons of water vapor profiles acquired
during September and October 2000 by these two Ra-
man lidars showed the ARM Raman lidar to be system-
atically drier than the SRL by 4%–8% below 800 m;
above this altitude, the systems showed better agreement
(Whiteman et al. 2002). Additional comparisons showed
the CARL water vapor measurements at 60 m to be
about 8% drier than those from a collocated tower sen-
sor. These recent results, which imply that the overlap
function for the ARM Raman lidar was in error, indicate
that water vapor profiles calibrated using a single,
height-independent calibration constant determined
from the MWR PWV would be in error.

We developed a correction to the Raman lidar profiles
acquired during AFWEX to account for this error in the
overlap function. To determine this correction, we used
the MWR-scaled Vaisala radiosonde water vapor pro-
files to examine the altitude dependence of the CARL
water vapor profiles. Since both the CARL and the
MWR-scaled Vaisala profiles are scaled to match the
MWR PWV, we assume that any differences between
the CARL and MWR-scaled Vaisala profiles within the
lowest 2 km are due to errors in the CARL overlap
corrections. Figure 7a shows the average difference be-
tween the CARL and MWR-scaled Vaisala radiosonde
profiles during AFWEX. Figure 7a shows that CARL
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FIG. 7. (a) Average difference between CARL water vapor profiles and the Vaisala water vapor profiles
that were scaled to match the MWR PWV. (b) Same as (a) except the overlap correction was applied to the
CARL profiles.

profiles are on average drier than the MWR-scaled Vais-
ala profiles for altitudes below 2 km. These average
differences were greatest near the surface (;8%) and
gradually decreased to near 0% around 2–3 km. Above
2–3 km, the CARL profiles gradually became wetter
than the MWR-scaled Vaisala sondes. Therefore, al-
though the CARL profiles are scaled to match the MWR
PWV, when compared to the MWR-scaled Vaisala pro-
files, the uncorrected CARL profiles have systematically
too little water vapor in the lowest few kilometers and
too much water vapor in the upper troposphere. An
altitude-dependent correction to the CARL profiles was
applied such that the average CARL/MWR-scaled Vais-
ala ratio profile was equal to unity for altitudes below
2.5 km. In order for the resulting PWV to remain in
agreement to the MWR PWV, Fig. 7b shows that this
correction had the effect of adding water vapor in the
lowest 2.5 km and reducing water vapor above 2.5 km.
On average, this correction increased the CARL profiles
by about 4% below 2.5 km and decreased the CARL
profiles by about 4% above 2.5 km. Figure 6a shows
that this correction reduced the differences between the
CARL and LASE profiles such that the CARL profiles
were, on average, less than 5% wetter than the LASE
profiles. Note that this correction has only been applied
to this AFWEX dataset. Therefore, these results indicate
that the CARL profiles should be periodically compared
with the MWR-scaled radiosonde profiles in the lowest
few kilometers to determine whether additional correc-
tions are necessary.

An additional factor must be considered when as-

sessing the altitude dependence of the Raman lidar water
vapor calibration. Since these lidars use very narrow
bandwidth filters to reduce background skylight, the
change in the Raman spectrum of water vapor with tem-
perature must be considered (Whiteman 2003a, b). For
a narrow bandpass filter, the integrated intensity of the
Raman scattering feature across the water vapor scat-
tering band will be temperature sensitive. Recent mod-
eling has indicated that this change in sensitivity can
lead to errors of several percent in water vapor mixing
ratio when comparing Raman lidar water vapor return
signals between warm temperatures at low altitudes and
cold temperatures at high altitudes. Preliminary mod-
eling suggests that the upper-tropospheric water vapor
profiles from the CART Raman and NASA GSFC scan-
ning Raman lidars should be reduced by about 4%
(Whiteman et al. 2002; Ferrare et al. 2002). However,
more recent modeling has indicated that this temperature
sensitivity is highly dependent on having exact knowl-
edge of the filter characteristics (e.g., central wavelength
and filter width) so that the impact of this correction is
still somewhat uncertain (Whiteman 2003b). The rela-
tively good agreement between the LASE and CARL
profiles shown in Fig. 6 suggests that the impact of
temperature sensitivity effect should be small (,5%).

The excellent agreement among the Raman lidars,
which were calibrated using the MWR PWV, and LASE
measurements indicates that the LASE absolute water
vapor calibration agrees well with the MWR absolute
water vapor calibration. We verified this observation by
comparing PWV derived from the LASE water vapor
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FIG. 8. Comparison of PWV derived from the SGP MWR
measurements and the LASE water vapor profiles.

profiles with the MWR PWV. Figure 8 shows a com-
parison of the PWV derived from the LASE and PWV
measurements. When deriving PWV from the LASE
profiles, two different methods were used to estimate
the small (;10%) contribution to the PWV for altitudes
between the surface and the lowest LASE water vapor
measurement about 250 m above the surface. The first
method interpolated through this region using the LASE
water vapor profile above 250 m and the water vapor
measurements measured at 25 and 60 m by Vaisala
Humicap capacitive relative humidity sensors on the 60-
m tower at the ARM SGP facility. The second method
used an average of the LASE water vapor measurements
between 250 and 400 m above the surface as an estimate
of the average water vapor below 250 m. The average
PWVs computed from the LASE profiles using these
two methods were within 0.25% of each other and were
only slightly higher (,3%) than the MWR PWV. The
average percentage difference between the LASE and
MWR PWV increases slightly with PWV; this small
increase does not appear to be related to the vertical
distribution of water vapor.

e. DC-8 in situ sensors

Water vapor measurements acquired by in situ sensors
on the DC-8 were also compared with the LASE mea-
surements. Two different in situ sensors were examined:
the NASA Langley/Ames diode laser hygrometer
(DLH) and the NASA Langley cryogenic hygrometer.
The in situ water vapor measurements acquired by these
instruments during level leg flights were averaged to-
gether and compared with the LASE nadir (zenith) water
vapor measurements acquired when the DC-8 flew at a
higher (lower) altitude either just before or after the in
situ measurements. These results were averaged togeth-
er in 1-km-altitude bins in a manner similar to the pro-
cedure used to compare the profile measurements. There
were typically 2–8 level leg comparisons in each altitude
bin for each flight, so that there were about 10–30 leg

comparisons at each altitude bin above 7 km, for a total
of about 60–80 level leg comparisons.

The NASA Langley/Ames DLH is an open-path air-
borne tunable diode laser-based instrument that operates
in the near-infrared spectral region at a wavelength of
approximately 1.4 mm (Vay et al. 2000). Diskin et al.
(2002) and Podolske et al. (2003) discuss details of
instrument operation and calibration; we describe its
operation briefly here. The DLH uses an open-path, dou-
ble-pass configuration, where the path is defined on one
end by a laser transceiver mounted on the interior of a
modified window panel, and on the other by a panel of
retroreflecting material mounted on the DC-8’s outboard
engine nacelle. Due to the large range of water vapor
concentration in the atmosphere from percent-level con-
centrations at or near sea level to a few parts per million
in the lower stratosphere, the DLH operates on one of
two spectral absorption lines: a relatively weak line for
concentrations above about 100 ppm (;0.06 g kg21)
and a stronger line for concentrations below that level.
The weaker line is located at 7121.7 cm21 and is in the
(200) vibrational overtone band. The stronger line,
which is roughly 10 times stronger than the weaker line,
is located at 7117.8 cm21 and is in the (101) combination
band. The DLH is calibrated in the laboratory at various
combinations of pressure and water vapor density. From
the calibration data and a multiparameter spectral model,
a set of coefficients is developed, and these coefficients
are used to convert the measured signals, along with
local temperature and pressure (which are measured by
separate instruments aboard the aircraft), to water vapor
mixing ratio. The precision of the instrument is 2% of
the mixing ratio, with an estimated accuracy of 10% for
water vapor above 100 ppmv (Vay et al. 2000). During
the Subsonic Assessment Ozone and Nitrogen Oxide
Experiment (SONEX) conducted during the fall of
1997, a small (,10 ppm) positive bias was identified
during postmission calibrations. The source of this ar-
tifact (outgassing within the laser head) was removed
for subsequent missions, including AFWEX (Vay et al.
2000). Improved calibration and data analysis proce-
dures and an improved water vapor spectral model have
lowered the DLH’s errors to less than 5%, or 1 ppmv
(Podolske et al. 2003).

Temperature and pressure measurements on the DC-
8 were provided by the Data Acquisition and Distri-
bution System (DADS). Temperature was derived from
measurements of total air temperature via a Rosemount
probe and Mach number from a Collins ADS-85 air data
system (ADC). Pressure was calculated from the pres-
sure altitude measured by the ADC. The uncertainties
of the temperature and pressure are estimated to be 61.5
K and 61 mb, respectively (Vay et al. 2000).

A Buck Research CR1 cryogenic hygrometer (Busen
and Buck 1995) was also deployed on the NASA DC-
8 aircraft. This instrument, like the Snow White radio-
sonde sensor, used the chilled-mirror technique to sense
the onset of condensation. The mirror temperature,
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which is the frost point of the air passing over the mirror,
is measured by a thermistor embedded in the mirror.
Unlike the Snow White sensor, this instrument uses liq-
uid nitrogen to control the mirror temperature and
should permit measurements of low frost points found
in the upper troposphere and lower stratosphere. The
instrument is capable of measuring frost points down
to 2808C with an accuracy to measure the mirror sur-
face temperature to 60.38C.

Figure 5b shows a comparison of the DLH and cryo-
genic water vapor measurements and the LASE mea-
surements. The average differences between the LASE
and DLH water vapor measurements varied between
63% and 8%. The average of all the bias differences
was about 23%. The DLH measurements were slightly
(4%) drier than the LASE measurements in the upper
troposphere. The cryogenic hygrometer measurements
became progressively drier with altitude when compared
to LASE and the other sensors. The cryogenic hygrom-
eter was about 5% drier than LASE between 7 and 8
km and became up to about 25% drier than LASE at
10–11 km. Note that the cryogenic hygrometer mea-
surements are 5%–20% drier than the DLH measure-
ments. The reasons for this cryogenic hygrometer dry
bias are most likely due to physical properties (or re-
straints) of the chilled-mirror instrument and measure-
ment technique.

Previous comparisons between diode laser hygrom-
eters and frost point hygrometers have also shown the
tendency of the cryogenic frost point hygrometers to
indicate smaller water vapor amounts than diode laser
hygrometers. Schultz et al. (1999) compared the water
vapor measurements acquired by these DLH and cryo-
genic hygrometer sensors during the Pacific Exploratory
Mission (PEM) Tropics A campaign; although mea-
surements from both sensors agreed on average to within
20%, for mixing ratios below 100 ppmv (;0.06 g kg21)
the cryogenically cooled mirror tended to be lower by
a factor of 2–5. They concluded that the DLH sensor
appeared to be more reliable, especially in the upper
troposphere. Vay et al. (2000) found that water vapor
measurements acquired by a similar cryogenic frost
point hygrometer flown on the Falcon aircraft during
the Pollution from Aircraft Emissions in the North At-
lantic Flight Corridor (POLINAT2) campaign were typ-
ically lower than the DLH water vapor measurements.
The presence of water vapor within the DLH laser head
as discussed above could explain some, but not all, of
this difference. Sonnenfroh et al. (1998) also found that
cryogenic frost point water vapor measurements were
about 20% lower than the diode laser hygrometer water
vapor measurements when both instruments were flown
on the NASA P-3 aircraft during the Southern Great
Plains Hydrology experiment in June 1997. This dif-
ference was not understood; however, much better
agreement was found when the cryogenic hygrometer
water vapor measurements were recomputed assuming
the film on the hygrometer mirror was supercooled water

instead of frost. For the comparisons above 8 km during
AFWEX, temperatures were generally below 2308C so
that it is unlikely that the cryogenic hygrometer was
sensing supercooled water instead of frost. Diskin et al.
(2002) and Podolske et al. (2003) compared these cryo-
genic hygrometer and DLH measurements with each
other and with in situ instruments on board the NASA
ER-2 aircraft on a flight during the Stratospheric Aero-
sol and Gas Experiment (SAGE-III) Ozone Loss and
Validation Experiment (SOLVE) mission during Janu-
ary 2000. The ER-2 instruments were the Harvard Ly-
man-a hygrometer and a diode laser hygrometer de-
veloped at the Jet Propulsion Laboratory (JPL) (May et
al. 1998). The comparisons, which measured strato-
spheric water vapor levels of about 10 ppmv (;0.006
g kg21), showed that the two diode laser hygrometers
(NASA Langley and JPL) and the Harvard Lyman-a
hygrometer agreed within about 4%, and the cryogenic
hygrometer was about 20%–25% lower than these other
sensors.

5. Overall comparison

Differences between each sensor’s measurements and
the LASE measurements were computed every 60 m
for altitudes between 7 km and the tropopause and for
water vapor mixing ratio values below 0.2 g kg21. Av-
erage bias and rms differences along with the linear
regression results corresponding to each comparison
with the LASE measurements are listed in Table 2, and
the average and standard deviations of these bias dif-
ferences relative to the LASE measurements are shown
in Fig. 9. Comparisons were made in this manner rather
than comparing integrated amounts in order to avoid
biasing the result to the lowest portion of this altitude
region. Note how the overlap correction applied to the
CARL water vapor measurements produced better
agreement with LASE and the other sensors. Figure 9
also shows that correcting the Vaisala RS80-H radio-
sondes for bias and time lag errors significantly reduces
the upper-troposphere dry bias of these sensors and pro-
duces agreement within about 5% with LASE, the Ra-
man lidar measurements, and the in situ DLH mea-
surements on the NASA DC-8 aircraft. Figure 9 shows
that Sippican sondes were on average about 15% wetter
than the LASE measurements; however, on the basis of
these comparisons, these radiosondes exhibited erratic
behavior and cannot be expected to provide reliable data
in the upper troposphere. The DLH aircraft in situ sensor
was about 3%–4% drier than LASE in the upper tro-
posphere. The Snow White chilled-mirror radiosonde
and the cryogenic frost point hygrometer measurements
were about 10% and 15%–20% lower than the LASE
measurements, respectively.

The large standard deviations shown in Figs. 5–7 and
9 are indicative of the large variability among the var-
ious comparisons. Much of this variability can be at-
tributed to the large horizontal variability and the dif-
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TABLE 2. Linear regression best-fit parameters when comparing water vapor measurements from each sensor to the LASE water vapor
measurements. These comparisons were restricted for altitudes between 7 km and the tropopause (;12 km) and for water vapor mixing
ratios below 0.2 g kg21. The total number of points used in the regression analyses is denoted by N. For profile comparisons, N represents
the total number of points used in all the profiles; for the level leg in situ comparisons, N represents the number of level leg comparisons;
R is the linear correlation coefficient; rms is the root-mean-square.

Slope
Intercept
(g kg21) N R

Rms diff
(g kg21)

Rms diff
(%)

Bias diff
(g kg21)

Bias diff
(%)

CARL (initial)
CARL (overlap correction)
SRL
Vaisala (initial)
Vaisala (scaled to MWR PWV)

1.07
1.03
1.06
0.87
0.84

20.000 76
20.000 73
20.002

0.002
0.003

2423
2423
1550

471
471

0.97
0.97
0.97
0.91
0.90

0.013
0.012
0.011
0.018
0.018

17
15
16
27
27

0.004 82
0.001 65
0.002 78

20.006 82
20.007 84

6.2
2.1
4.0

210
212

Vaisala (calibration correction)
Vaisala (calibration 1 time-lag corrections)
Chilled-mirror sonde
Sippican sonde
DLH
Cryogenic hygrometer

0.88
0.92
0.92
1.01
0.96
0.91

0.003
0.004

20.000 37
0.011

20.000 89
20.005 52

471
471
486
486

81
66

0.91
0.92
0.92
0.80
0.96
0.97

0.017
0.015
0.020
0.035
0.011
0.014

25
22
24
48
19
23

20.004 30
20.001 40
20.007 37

0.011
20.003 24
20.0107

26.2
22.0
28.8
15

24.0
217

FIG. 9. Average differences between each sensor’s UTWV measurements and the LASE UTWV measurements. These
differences were computed for altitudes between 7 km and the tropopause (;12 km) and for water vapor mixing ratios
between 0 and 0.2 g kg21.

ference in sampling volumes among the various instru-
ments. Examination of the LASE and DLH measure-
ments showed that the water vapor variability (standard
deviation/mean) generally ranged from 5% to 30%
along the level leg segments of these flights. Large hor-
izontal and vertical water vapor gradients would impact
these comparisons due to differences in sampling vol-
umes and vertical resolutions. Recall that the vertical
resolution of the LASE measurements is 330 m and that
the CARL vertical resolution varies between 300 and
400 m in the upper troposphere. Consequently, com-

parisons between layer averages from these remote sen-
sors and measurements across a single linear path along
a single altitude such as from the DLH can be expected
to exhibit large variabilities. Because some of the dif-
ferences between the instruments are due to these large
horizontal and vertical water vapor gradients, the error
estimates on these comparisons should represent upper
limits on the instrumental differences.

The agreement among LASE, Raman lidars, and Vais-
ala results indicates that calibrating the Raman lidar to
the MWR PWV should provide an accurate method of
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FIG. 10. Average relative humidity profiles from LASE, CARL,
and Vaisala radiosonde measurements. The profiles corresponding to
the uncorrected and corrected Vaisala profiles are shown. These pro-
files represent the average of the 16 cases when there were results
from LASE, CARL, and all the radiosonde correction procedures.
The CARL results include the overlap correction.

retrieving upper-tropospheric water vapor measure-
ments, once appropriate corrections have been applied
to the low-altitude Raman lidar water vapor retrievals.
These results also show that schemes to correct the dry
bias of the Vaisala radiosonde measurements substan-
tially reduce this dry bias and bring these measurements
into much better agreement with the lidar and in situ
measurements. In contrast, Soden et al. (2004) compared
GOES 6.7-mm, CARL, and Vaisala upper-tropospheric
water vapor measurements during several IOPs held at
the SGP site prior to AFWEX and found that these
correction schemes offered little improvement in re-
ducing the Vaisala dry bias. Similar initial comparisons
between the GOES and Vaisala UTH performed for AF-
WEX appear to show a similar behavior, although the
corrections appear to be more successful than for the
earlier IOPs (B. J. Soden 2003, personal communica-
tion). Soden et al. (2004) also compared averaged rel-
ative humidity profiles from the original and corrected
Vaisala radiosondes and from CARL and found large
differences for altitudes above 500 hPa. Figure 10 shows
a similar comparison for the 16 cases during AFWEX
when there were coincident Vaisala, LASE, and CARL
profiles. Average differences among the LASE, CARL,
and Vaisala profiles corrected for calibration errors and
time lag are generally less than about 5% throughout
the entire altitude range and thus do not show the large
differences found in this earlier study. The reason for
this different behavior may be related to several factors.
There is a large uncertainty associated with the contam-
ination correction applied to correct the Vaisala radio-
sonde profiles acquired during the previous IOPs. The
contamination correction typically has much more un-
certainty than the corrections for temperature depen-
dence and time lag (Miloshevich et al. 2003). In contrast

to these previous IOPs, the Vaisala radiosondes used for
AFWEX were new and so were not affected by con-
tamination. The different behavior may also be due to
the specific subset of radiosonde profile measurements
used in this study as well as the overall humidity profile
structure observed during AFWEX. Note also that the
previous IOPs were conducted during September when
the tropopause heights were higher than during the No-
vember–December period for AFWEX. The vertical dis-
tribution will have a greater impact on the GOES com-
parisons, because of the very broad weighting function
(;200–600 hPa) of the GOES retrievals. In addition,
the simple IR threshold used to screen out cloud con-
tamination in the GOES retrievals may be inadequate
to detect very thin clouds such as subvisible cirrus (So-
den et al. 2004).

6. Summary and conclusions

This paper has compared upper-tropospheric water
vapor measurements acquired over the DOE ARM SGP
site in northern Oklahoma during the AFWEX mission
in November and December 2000. The water vapor mea-
surements acquired by the LASE airborne DIAL system
were used as a reference when comparing water vapor
measurements acquired by the DOE ARM SGP CART
Raman and NASA GSFC Raman lidars, ARM Vaisala
RS80-H radiosondes, Sippican radiosondes, Meteolabor
Snow White radiosondes, and in situ cryogenic frost
point and diode laser hygrometer (DLH) sensors on the
NASA DC-8 aircraft. Since ground-based Raman lidars
can obtain upper-tropospheric water vapor measure-
ments only during nighttime operations, all measure-
ments for these comparisons were acquired at night.
Seven DC-8 flights were made during 27 November–
10 December 2000 over the ARM SGP Central Facility,
and LASE collected approximately 26 h of profile data
over the SGP using a combination of water vapor ab-
sorption cross sections. The DOE ARM CART Raman
lidar upper-tropospheric water vapor measurements
were initially about 7% wetter than the LASE mea-
surements in the upper troposphere (8–12 km). How-
ever, comparisons with instruments on the SGP 60-m
tower and radiosondes revealed an altitude dependence
of the CARL overlap correction. Modifying this overlap
correction slightly to produce better agreement in the
lower troposphere reduced the CARL UTWV profiles
by about 4% and produced better agreement with LASE
and the other sensors. Since the CARL water vapor
calibration depends on this overlap correction, accurate
upper (and lower) tropospheric water vapor measure-
ments require accurate knowledge of the CARL overlap
correction and periodic implementation of appropriate
corrections to account for variations to this overlap func-
tion. By implementing this correction, the water vapor
measurements from LASE and both DOE ARM and
GSFC Raman lidars agreed on average within 65%–
6% between the surface and 12 km, which is within the
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expected accuracy of the LASE measurements (Browell
et al. 1997). Both Raman lidars were calibrated such
that the precipitable water vapor (PWV) derived by in-
tegrating their water vapor profiles matched the PWV
measured by the ARM SGP ground-based microwave
radiometer (MWR). PWV derived from the LASE pro-
files was only slightly greater (;3%) on average than
the PWV derived from the ARM SGP microwave ra-
diometer. The agreement between the LASE and MWR
PWV and the LASE, SRL, and CARL UTWV mea-
surements supports the hypotheses that MWR measure-
ments of the 22-GHz water vapor line can accurately
constrain the total water vapor amount and that the
CART Raman lidar, when calibrated using the MWR
PWV, can provide an accurate, stable reference for char-
acterizing upper-troposphere water vapor.

Comparisons with the LASE measurements revealed
a dry (;10%–20%) bias in the Vaisala RS80-H radio-
sonde measurements of upper-tropospheric water vapor.
This bias increased with altitude and is similar to what
has been reported in previous UTWV comparisons.
Scaling the Vaisala water vapor profiles such that the
radiosonde PWV matches the MWR PWV, which ARM
has found to significantly reduce the sonde-to-sonde wa-
ter vapor variability (Revercomb et al. 2003), did not
improve the upper-tropospheric water vapor compari-
sons. This indicates that additional schemes are required
to properly account for the altitude dependence of the
radiosonde errors. Portions of a correction scheme de-
veloped jointly by NCAR and Vaisala (Wang et al. 2002)
were applied to the AFWEX data to account for the
error in the basic RS80-H calibration model, and to
improve the representation of the temperature depen-
dence of the RS80-H calibration. The AFWEX sondes
were new, so no correction was applied to account for
possible sensor contamination by outgassing of the plas-
tic packaging material. This scheme reduced the dry
bias so that the Vaisala measurements were about 8%–
10% drier than the LASE measurements. A correction
for the ‘‘time lag’’ error that calculates the ambient hu-
midity profile from the measured humidity and tem-
perature profiles based on laboratory measurements of
the sensor time constant (63% response time) as a func-
tion of temperature (Miloshevich et al. 2001, 2002,
2003, 2004) was found to further reduce the dry bias
so that these corrected Vaisala profiles were only 4%–
5% drier than the LASE measurements. Using these
measurements as a reference, the comparisons shown
here indicate that the corrected CARL and Vaisala
RS80-H radiosonde profiles are within the ARM goal
of 10% in mean differences in UTWV.

Additional studies are desirable to evaluate other up-
per-tropospheric measurements and resolve remaining
differences. Since May 2001, ARM has been using the
Vaisala RS90 radiosondes in place of the RS80-H ra-
diosondes. Vaisala RS90 radiosondes were not available
for evaluation during AFWEX. Comparisons of uncor-
rected RS80 and RS90 radiosondes performed by the

ARM Program have shown the RS90 radiosondes to be
wetter by a few percent in the upper troposphere. This
finding is supported by comparisons performed by the
WMO Intercomparisons of GPS radiosondes, which
found a mean bias of 5% between the uncorrected
sondes (RS80 lower). Similarly, Vance et al. (2004)
found a similar bias when comparing RS80-H and RS90
radiosondes during the MOTH campaigns. Since the
corrections for calibration errors and time lag response
tend to moisten the RS80-H measurements in the upper
troposphere, this suggests that comparisons of corrected
RS80-H and RS90 radiosondes should yield better
agreement. Initial comparisons of RS80-H and RS90
radiosondes during the IHOP campaign found system-
atic differences (Wang et al. 2003), although it is not
clear whether these differences are consistent with the
results discussed above. The AFWEX results do indicate
the need for correcting RS80-H radiosondes to obtain
accurate estimates of upper-tropospheric water vapor.
Note that methods of correcting individual Vaisala
RS80-A and RS90 radiosondes have been implemented
for radiosondes launched at the Lindenberg Meteoro-
logical Observatory in Germany (Leiterer et al. 1997;
Nagel et al. 2001). These corrections require the mea-
surement of sensor-specific parameters prior to each
flight and the use of a universal calibration matrix de-
veloped for each sensor type. The absolute accuracy of
this technique is reported to be 61% RH (Leiterer et
al. 1997; Nagel et al. 2001; Spichtinger et al. 2003).

Interestingly, the upper-troposphere water vapor mea-
surements from the Snow White chilled-mirror radio-
sondes and the DC-8 in situ frost point hygrometer mea-
surements are lower than the lidar, corrected Vaisala
RS80-H, and DC-8 in situ diode laser hygrometer mea-
surements by 5%–10% and 10%–20%, respectively. The
reasons for these differences are not clear. Previous com-
parisons have noted similar tendencies for the aircraft
in situ frost point hygrometer to retrieve lower water
vapor amounts than the diode laser hygrometers, with
differences increasing with colder temperatures. Prelim-
inary comparisons from the IHOP campaign have shown
better Snow White chilled-mirror sensor performance
than Sippican/VIZ radiosondes and Vaisala RS80-H and
RS90s (Wang et al. 2003). However, other comparisons
have noted mixed results for upper-tropospheric water
vapor measurements with the Snow White measure-
ments under- or overreporting water vapor, especially
if very dry layers are encountered (Vömel et al. 2003).
Systematic biases have also been found between Vaisala
RS90 radiosondes and Snow White radiosondes (Vance
et al. 2004). Resolution of these differences may be
aided by comparisons of water vapor measurements ac-
quired by the balloon-borne cryogenic frost point hy-
grometer, such as that developed and used at the NOAA/
Climate Monitoring and Diagnostics Laboratory
(CMDL). In contrast to the Snow White radiosonde,
which uses a Peltier cooler to cool the mirror, the mirror
in this instrument is connected to a cryogenic bath.
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Overall uncertainty in dewpoint temperature is about
0.58C in frost point temperature, which is about 10%
RH near the tropopause (Vömel et al. 1995). This bal-
loon-borne water vapor sensor has been flown exten-
sively (Oltmans 1985); intercomparisons with strato-
spheric measurements (Kley et al. 2000) have shown
that this sensor is reliable.

Further studies, including intercomparison experi-
ments like AFWEX, are needed to understand, quantify,
and hopefully reduce the remaining differences among
these sensors. Several of these sensors (e.g., Vaisala
RS80-H, RS90, Raman lidars) are currently participat-
ing in validation activities associated with the Atmo-
spheric Infrared Sounder (AIRS) sensor on the NASA
Aqua satellite platform. Using water vapor measure-
ments from these various sensors to validate the upper-
tropospheric water vapor measurements derived from
the infrared radiances measured by AIRS will require
a better understanding of the capabilities and limitations
of these sensors. Airborne lidar measurements such as
those provided by LASE during AFWEX can be used
to help resolve these differences by characterizing up-
per-tropospheric water vapor and thereby aid satellite
validation (Fetzer 2000; Kley et al. 2000) and radiation
modeling activities.
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Vömel, H., S. J. Oltmans, D. J. Hofmann, T. Deshler, and J. M. Rosen,
1995: The evolution of the dehydration in the Antarctic strato-
spheric vortex. J. Geophys. Res., 100, 13 919–13 926.

——, M. Fujiwara, M. Shiotani, F. Hasebe, S. J. Oltmans, and J. E.
Barnes, 2003: The behavior of the Snow White chilled-mirror
hygrometer in very dry conditions. J. Atmos. Oceanic Technol.,
20, 1560–1567.

Wang, J., 2002: Understanding and correcting humidity measurement
errors from Vaisala RS80 and VIZ radiosondes. Proc. Radio-
sonde Workshop, Hampton, VA, Hampton University, 1–7.

——, H. L. Cole, D. J. Carlson, E. R. Miller, K. Beierle, A. Pauk-
kunen, and T. K. Laine, 2002: Corrections of humidity mea-
surement errors from the Vaisala RS80 radiosonde—Application
to TOGA COARE data. J. Atmos. Oceanic Technol., 19, 981–
1002.

——, D. J. Carlson, D. B. Parsons, T. F. Hock, D. Lauritsen, H. L.
Cole, K. Beierle, and E. Chamberlain, 2003: Performance of
operational radiosonde humidity sensors in direct comparison
with a chilled mirror dew-point hygrometer and its climate im-
plication. Geophys. Res. Lett., 30, 1860, doi:10.1029/
2003GL016985.

Whiteman, D. N., 2003a: Examination of the traditional Raman lidar
technique. I. Evaluating the temperature-dependent lidar equa-
tions. Appl. Opt., 42, 2571–2592.

——, 2003b: Examination of the traditional Raman lidar technique.
II. Evaluating the ratios for water vapor and aerosols. Appl. Opt.,
42, 2593–2605.

——, and S. H. Melfi, 1999: Cloud liquid water, mean droplet radius,
and number density measurements using a Raman lidar. J. Geo-
phys. Res., 104, 31 411–31 419.

——, ——, and R. A. Ferrare, 1992: Raman lidar system for the
measurement of water vapor and aerosols in the earth’s atmo-
sphere. Appl. Opt., 31, 3068–3082.

——, and Coauthors, 2001a: 2001: NASA/GSFC scanning Raman
lidar participation in WVIOP2000 and AFWEX. Proc. 11th ARM
Science Team Meeting, Atlanta, GA, U.S. Dept. of Energy, 1–
10. [Available online at http://www.arm.gov/docs/documents/
technical/confp0103/whiteman-dn.pdf.]

——, and Coauthors, 2001b: Raman lidar measurements of water
vapor and cirrus clouds during the passage of Hurricane Bonnie.
J. Geophys. Res., 106 (D6), 5211–5225.

——, K. Evans, B. Demoz, P. Di Girolamo, B. Mielke, and B. Stein,
2002: Advances in Raman lidar measurements of water vapor.
Proc. 21st Int. Laser Radar Conf., Quebec, QC, Canada, Inter-
national Coordination-Group for Laser Atmospheric Studies,
551–554.


